Abstract: This work evaluates the behavior of a martensitic stainless steel (AISI 410) thermally treated by quenching and tempering with a tungsten carbide (86WC-10Co-4Cr) coating obtained by high-velocity oxygen fuel (HVOF) thermal spray deposition, analyzing the volume loss under erosive attacks at 30 • and 90 • incidence angles by using jet slurry erosion equipment with electrofused alumina erodent particles. Firstly, the characterization of the samples was carried out in terms of the microstructure (SEM), thickness, roughness, porosity, and microhardness. Then, samples were structurally characterized in the identification of the phases (XRD and EDS) present in the coating, as well as the particle size distribution (LG) and morphology of the erodent. It was determined that the tungsten carbide coating presented better resistance to jet slurry erosion wear when compared to the martensitic stainless steel analyzed, which is approximately two times higher for the 30 • angle. The more ductile and brittle natures of the substrate and the coating, respectively, were evidenced by their higher volumetric erosion at 30 • for the first and 90 • for the latter, as well as their particular material removal mechanisms. The enhanced resistance of the coating is mainly attributed to its low porosity and high WC-Co content, resulting in elevated mechanical resistance.
Introduction
The erosion of metallic materials due to slurry erosion is a recurrent and common problem in various industrial applications, such as hydraulic turbines for hydroelectric plants and mud pumps, as well as the processing of minerals and pipes for the petrochemical industry. The effect caused by the particulate material in the liquid represents a major industrial problem, affecting the life of components, reducing their performance, and demanding continuous preventive and corrective maintenance, bearing elevated financial and environmental costs to the supply chain of products as a whole. Thus, when designing parts that will be subjected to erosive wear, the proper choice of engineering materials plays a key role in decreasing this wear rate, and assures adequate tribological behavior [1] .
Supported by recent research, the technology of surface treatments and coatings of thin films have been demonstrated to be a valid and efficient way to improve the resistance of metallic-coated materials [2] , whereas understanding and studying the surface wear mechanisms is vital to predicting failures by erosion and corrosion, providing adequate dimensioning of parts and relying on optimized properties aggregated by the coatings.
Among the coated materials, some of the most relevant ones are martensitic stainless steels, given their wide range of industrial applications. These are commonly adopted for regular ends, such as in the automotive industry [3] , but may also be used in the cutting-edge design of complex structures, such as nuclear reactors [4] and power plants [5] . Martensitic stainless steels are high-carbon-content alloys (0.1-1.2%) with chromium (12-18%), presenting magnetic properties, elevated strength, low-temperature toughness, and good corrosion resistance [6] , as well as better mechanical resistance to erosive particles than austenitic steel [7] .
Cermet materials have shown excellent resistance to erosive wear, increasing the resistance, for instance, of hydro-turbine parts [8] , being able to noticeably improve the resistance of originally uncoated metallic pieces to erosion, corrosion, or both, especially at high temperatures [9] . Kumar et al. [8] demonstrated the enhanced abrasive wear resistance properties provided by WC-Co, which can have their corrosion resistance increased with the addition of a small amount of Cr. For this reason, the composition of WC-10% Co-4% Cr is widely considered in coatings for applications in components of hydric companies to prolong their operational life [8] . Coatings of WCCoCr are usually deposited with a High-Velocity Oxy-Fuel (HVOF) thermal spray process [10] .
HVOF has demonstrated to be highly effective in the obtention of low-porosity adherent coatings [11] [12] [13] , whereas the mechanical properties of the coated material are shielded by coatings with high compressive and tensile strengths and elevated hardness. Furthermore, as demonstrated by Liu et al. [14] and Hou et al. [15] , HVOF coatings can enhance the resistance of parts against cavitation erosion-corrosion due to its features of high flame velocity, low flame temperature, and the possibility of producing dense coatings with less decarburization and low oxide content.
These coatings are mainly prepared with WC-based cermets, once the alliance of the hard WC phase with a ductile metal in different proportions can produce materials with a significantly wide range of properties [16] . This metallic phase is usually cobalt or nickel, the latter contributing to the enhancement of the material's corrosion resistance. In general, the high hardness and fracture toughness of WC cermets make them suitable materials to improve abrasion resistance in many industrial applications, such as hydraulic machinery and coastal installations [17] .
The present investigation evaluates the erosive wear of the coating 86WC-10% Co-4% Cr when deposited by HVOF using feedstock materials on quenched and tempered martensitic stainless steel (AISI 410), and how it upgrades its original erosion resistance. The volume loss under jet slurry erosion for incidence angles of 30 • and 90 • between the axis of symmetry of the fluid flow and the surface of the samples was evaluated, including controlling parameters such as the angle and speed of impact, test temperature, and concentration of erosive particles in the suspension. Electrofused alumina was used as erodent material. The materials were characterized with regard to their microstructure by scanning electron microscopy (SEM), light microscopy (LM), thickness, roughness, porosity, microhardness, and phase structure by X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS). Also, the particle size distribution was analyzed by laser granulometry (LG), and the morphology of the erodent was identified.
Materials and Methods

Substrate Material
Martensitic stainless steel (AISI 410) cylinders which were 30 mm in diameter and 10 mm in height were used [18] . The steel samples were austenitized at 1263 K for 35 min, then oil-quenched and tempered at 793 K for 35 min afterward. The microstructure obtained after this procedure was composed of martensite with some precipitated carbides on the grain contours, a typical outcome of quenching and tempering thermal treatments [6] (Figure 1 ). 
HVOF Coating
Spherical fine powders WOKA-3653 (86WC-10Co-4Cr) from Oerlikon Metco (Pfaffikon, Switzerland) were used with a particle size distribution of nominal range −45 + 11 µm and apparent density 4.8-5.8 g/cm 3 [19] . The approximate chemical composition of the WOKA-3653 powder is given in Table 1 . HVOF spraying parameters are briefly listed in Table 2 . Table 1 . Chemical composition of WOKA-3653 (wt %) [19] . Table 2 . Coating parameters of high-velocity oxygen fuel (HVOF) equipment.
Elements Composition (%)
W Balance Co 8.5-11.5 Cr 3.4-4.6 C (Total) 4.8-5.6 Fe (Max) 0.2
Spray Parameters Value
Propylene flow rate 4620 (L/h) Oxygen flow rate 15,180 (L/h) Powder feed rate 42 (g/min) Spray distance 230 (mm)
Erodent Particles
The particle size distribution of the alumina erodent (Al 2 O 3 ) was measured using the Cilas 1180 laser diffraction particle size analyzer (Cilas Ariane Group, Le Barp, France) according to the ISO 13320:2009 standard [20] . The abrasive particle size distribution is shown in Figure 2 , showing results of the average abrasive particle size of approximately 98.55 µm. Furthermore, irregular angular-shaped particles are depicted by the SEM micrograph in Figure 3 . 
Microstructural and Qualitative Phase Characterization
The microstructure characterization was done in an EVO MA10 SEM (ZEISS, Oberkochen, Germany) and using a light microscope, LEICA DM2700 M. The total porosity of the coatings was measured through digital image analysis following the ASTM E2109-01 standard [21] . The surface roughness of the steel and as-sprayed samples were measured before jet slurry erosion testing, and after it using a surface roughness tester Mitutoyo SJ-400 (Mitutoyo America Corporation, Aurora, IL, USA). Then, cross-sectional Vickers microhardness measurements were performed using a Buehler Micromet 2001 microhardness tester (HV300 g, 30 s, BUEHLER Ltd., Lake Bluff, IL, USA) according to the ASTM E-384-11 standard [22] . To identify the phases in the coatings and to understand the phase formation during coatings' build-up, surface XRD analysis of the as-sprayed samples was carried out using the PHILIPS Xpert MDP X-ray diffractrometer (PHILIPS, Amsterdam, The Netherlands) with Cu-Kα radiation. Lastly, localized compositional analyses of the coated specimens were done with a SHIMADZU SSX-550 EDS spectrometer (SHIMADZU CORPORATION, Nishinokyo Kuwabara-cho, Nakagyo-ku, Kyoto, Japan) coupled to the EVO MA10 SEM.
Jet Slurry Erosion Tests
The jet slurry erosion tests were carried out in a modified commercial high-pressure washer Electrolux UWS10 (Electrolux Group, Stockholm, Sweden) based on the ASTM G-76 standard [23] [24] [25] [26] [27] . A feeding system for the erodent particles was adapted in the nozzle of the gun using an internal Venturi accelerator inside the test chamber. This equipment allows for control over the angle of impact, the speed of impact, the concentration of erodent particles in the suspension, and the test temperature. Figure 4 shows the configuration of the testing advice. The tests were performed using water between 25 • C and 28 • C with 960 g of erodent. The samples were placed at the nozzle output to guarantee the incidence of impact fluid and mean jet velocity of erosive material in a suspension of 77 m/s. This velocity was calculated using the flow rate, time, and nozzle area measurements of the flow output. The incidence angles studied were 30 • and 90 • between the axis of symmetry of the fluid flow and the surface of the samples. In all cases, the concentration of particles in the slurry was approximately 7 wt % [28] [29] [30] . The erosion resistance was determined from the volume loss results per unit of time, from the difference of the mass loss, considering the relation of the apparent density of the studied materials (adopting substrate as 7.73 g/cm 3 and coating as 12.5 g/cm 3 [31] [32] [33] . Mass losses were measured in three samples of coating and three of substrate every 1 min until reaching a total erosion time of 4 min by using a scale with 0.01 mg resolution. The total duration of each test was 4 min. The samples were cleaned in an ultrasonic bath with deionized water before and after each test. Then, after the cleaning operation, they were dried and weighted. Figure 5 shows the XRD pattern of the 86WC-10Co-4Cr coating obtained by HVOF with the powder WOKA-3653, where the WC (JCPDS 00-051-0939) and W (JCPDS 01-089-2767) phases can be promptly identified by using the Joint Committee on Powder Diffraction Standards (JCPDS) [34] . The XRD pattern shows that WC is predominant in the powder diffractogram. It is also possible to verify the presence of W and Co as secondary phases formed during the thermal spraying process by the decarburization of WC particles, also reported by other researchers [30, 35, 36] . The lack of identification of the Co peak by XRD in this figure is justified by the low content of the metal in the coating, and its diffraction peak is most likely situated among the noise range in the graph. Figure 6 shows the elemental microanalysis of one of the regions of the coating cross-section that were scanned using the EDS system, exhibiting the presence of W, Co, Cr, and C in the samples. Figure 7 corroborates the presence of these elements in a quantitative pattern, which agrees with Figure 5 , demonstrating a predominance of tungsten. Similar results were found by Thakur et al. [37] , considering coatings with the same composition and deposition technique. Figure 8 shows the micrograph of the HVOF 86WC-10Co4Cr coating. It presents a continuous shape and homogeneous microstructure, with a low presence of cracks and pores. It is not possible to distinguish any lamellar structure. This can be explained by a possible melting of the binder metal, which induces a better distribution in the coating material [38] . The average thickness of the HVOF 86WC-10Co-4Cr coating was calculated using micrographs of cross-sections processed using ImageJ software, and among 100 to 200 measurements were performed on different samples for the obtainment of an arithmetic mean of circa 227 µm. Three analyses of the coating were measured in each one of three samples through digital image analysis according to ASTM E2109-01 [21] , yielding an average porosity of 0.7%, which is considered acceptable within the values presented in the literature and according to the criterion specified by the manufacturer Oerlikon Metco of a mean porosity lower than 1.0% [8, 10, 37] .
Results and Discussion
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Mechanical Properties of Materials
Microhardness reflects the microstructure and the physical and mechanical properties of both substrate and coating, which in turn are dependent on the materials and processes employed in their manufacture. Hardness is a property that can be considered to be variable throughout the coating in certain zones, due to eventual heterogeneities of the material. For this reason, when measuring this property, one must consider the preparation of the surface, the section analyzed, as well as the number of indentations performed. The microhardness of the coating and substrate are presented in Table 3 . The hardness value of the coating is compatible with the literature, and is in agreement with the specification of the coating powder's manufacturer (750 to 1450 HV0.3) [19] . 15 14 According to the microhardness values along the cross-section of the spray coating, there were variations due to the distribution of the phases. Castro et al. [39] demonstrated that it is possible to observe this effect when working with sublayers (sprayed coatings), as microhardness values may vary since each indentation point can be placed in different microstructures-in this case, carbides, oxides, inclusions, and the matrix itself.
Trelleborg [40] describes WC-based materials as metal-ceramic composites in which the microhardness values found are associated with each microconstituent. By its turn, the microstructure depends on factors such as the composition of each phase, the morphology of the powder, the spray technique, and the porosity.
The highest value of microhardness performed on the 86WC-10Co-4Cr coating was 1448 HV0.3, being also the closest one to the manufacturer's specification [19] . Thakur et al. [37] and Castro et al. [39] obtained similar results of 1297 ± 45 HV0.3 and 1256 HV, respectively, for WC-CoCr coatings sprayed by HVOF. In the same way, Kumar et al. [8] , Maiti et al. [30] , Berger et al. [41] , and Ahmed et al. [42] reported microhardness values of 1031 ± 99, 1180 ± 70, 1118 ± 131, and 1106 HV0.3 for similar sprayed coatings applied by the same technique, respectively.
The indentation performed on the substrate, corresponding to thermally treated martensitic stainless steel measured microhardness values, was 219 HV0.3, which is once again very similar to that reported by Maiti et al. [30] of 199 HV0.3. Table 4 shows the accumulated erosion rate by the mass of erodent in loss of volume of the samples tested as a function of the impact angle for both the substrate and coating in a total time of 4 min. Figures 9 and 10 show the mass losses measured in three samples of coating and three of substrate every 1 min until a total erosion time of 4 min was reached for the impact angles of 30 • and 90 • , respectively. Steel exhibits a much higher level of erosive wear at an impact angle of 30 • rather than at 90 • , demonstrating ductile behavior with a ploughing-predominant material removal mechanism, as is reported in the literature [43, 44] . Furthermore, many authors confirm that metals present an enhanced erosion rate at lower angles [45] [46] [47] [48] . Figure 10 also shows that, for the impact angle of 90 • , the tungsten carbide coating presented an accumulated volumetric erosion rate that is slightly lower than the martensitic stainless steel. On the other hand, when comparing Figures 9 and 10 , it can be seen that the coating presents higher erosive wear at an angle of impact of 90 • than at 30 • , indicating the coating's fragile behavior. This is due to the repeated action of the erosive perpendicular particles impacted on the surface, producing microfractures that contribute to the wear of the WC hard metal and resulting in its eventual removal, agreeing with the results found in [49, 50] . Figure 11 shows, in detail, the eroded areas of the materials subjected to the jet slurry test for the impact angles of 30 • and 90 • . It is observed that the eroded region of the pieces (highlighted in red) for the 30 • angle have an elongated shape and greater eroded area. The erosion of the specimens tested at 90 • is more localized, and has a smaller area and a greater depth. The formation of the concentric ring, also known as "halo" erosion, can be observed, which is a mechanical characteristic of the damage due to the development of craters that appear as macro pits on the surface for this angle [51] [52] [53] . The roughness of these eroded regions is displayed in Table 5 . Table 6 shows the eroded areas as a function of the impact angle. It is observed that the area is greater for the impact angle of 30 • . Compared to the substrate, the coating presented smaller eroded areas for the two impact angles studied. Figure 12 represents the entire surfaces of the specimens' upper cylindrical faces, and elliptical shapes were attained because the coupons were rotated in order for the 3D laser scan to be able to accurately capture the eroded depth. Table 7 shows the respective average erosion depths. As expected, given that 90 • tests resulted in more localized worn areas, their depth is superior to those found in samples tested at 30 • .
Islam et al. [43] conducted an erosion study in steel tubes, varying both impact angle and velocity, obtaining significantly deeper erosion areas for 90 • than for 30 • , supporting the results which were hereby found. Similarly, Vite-Torres et al. [53] investigated the performance of the AISI 420 stainless steel subjected to particle erosion tests using two different abrasives at the angles of incidence of 30 
Conclusions
In the present investigation, an experimental wear simulation equipment of jet slurry erosion was developed with conditions that allowed for the control of the significant test parameters, such as impact angle, impact velocity, erosive particle concentration in the suspension, and test temperature. The jet slurry erosion behaviors of martensitic stainless steel (AISI 410) and tungsten carbide (86WC-10Co-4Cr) coating were investigated, and from the results obtained in this experimental work, it is possible to infer the following conclusions:
1.
The tungsten carbide coating showed higher resistance to jet slurry erosion compared to martensitic stainless steel, possibly due to the low porosity, the hardness of WC particles, and better properties of the CoCr binder material matrix. Thus, the application of such a coating can be considered as beneficial for the structural endurance of the substrate in applications where the part is subjected to similar erosive conditions. 2.
The high concentration of WC-Co in the coating blend promotes greater hard-phase connectivity, leading to increased mechanical strength and jet slurry erosion resistance. 3.
The martensitic stainless steel presented a higher rate of accumulated volumetric erosion in the impact angle of 30 • , denoting ductile behavior. On the other hand, the accumulated volumetric erosion rate for tungsten carbide coating was higher at the impact angle of 90 • , indicating a predominantly brittle failure mechanism. 4.
For the impact angle of 30 • , the tungsten carbide coating presented a cumulative volumetric erosion rate of approximately 50% less than martensitic stainless steel.
Patents
For the development of the research a jet slurry erosion tester was designed which is in the patent process by the INPI agency of the Brazilian government with Process Number BR 20 2018 074233 2.
